T he incidence of traumatic brain injury (TBI) is approximately two million Americans per year, at an estimated overall cost of 38 billion dollars annually. [1] [2] [3] The wide array of problems that confront those with TBI includes headache, fatigue, impaired memory, reduced concentration and attention, reduced information processing capacity, depression, aggression, anxiety, irritability, sleep disturbances, and sexual dysfunction. [4] [5] [6] There are also reports of posttraumatic personality changes, such as temper outbursts, self-centered behavior, emotional lability, and reduced social awareness, which are thought to be associated with frontal and temporal lobe damage. 7, 8 Accurate diagnoses and prognoses of the consequences of traumatic brain injury are essential for acute patient care and long-term rehabilitation. The Glasgow Coma Score (GCS) is a valuable first observation of the severity and prognosis immediately following brain trauma. [7] [8] [9] The Glasgow Coma Score has a practical limitation, however, because often it is not measured in emergency rooms or in hospitals where TBI patients are first transported. The duration of loss of consciousness (LOC) is also an important predictor of the severity and long-term prognosis of injury. 10 Frequently, however, the length of unconsciousness is unknown or unrecorded. Another clinical predictor of the severity of
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brain injury is the duration of posttraumatic amnesia (PTA) for the memory of the occurrence of the accident itself. 11, 12 This clinical measure also is often not obtained during the acute admission stages in an emergency room.
The standard or conventional visually read electroencephalogram (EEG) 13, 14 and conventional magnetic resonance imaging scan (MRI) [15] [16] [17] are not yet sensitive or reliable in their detection of differences between mild and moderate TBI. Conventional EEG and MRI also do not predict outcome and gradations of severity of traumatic injury very well. In contrast, recent quantitative EEG (qEEG) studies have shown that even if the initial GCS, LOC, and PTA information are not available, evaluations in the post-trauma period ranging from months to several years can predict the severity of the injury and, in some cases, long-term prognosis. For example, recent studies by Trudeau et al. 18 show a high accuracy rate of computer-analyzed EEG identifying patients with blast concussions years after the event, and studies by Hoffman et al. 19 have shown similar accuracy of detection of TBI using quantitative EEG methods in outpatients. These recent studies support earlier qEEG studies that have shown discriminant accuracy as high as 95.67% in the detection of mild head injury 20 and greater than 75.8% accuracy of prediction of outcome one year after injury. 21 The purpose of this study was to develop an objective and quantitative metric of the severity of brain injury by using EEG obtained in the long-term postacute period from 15 days to 4 years post injury. We sought to identify EEG variables that discriminate between patients with mild and severe traumatic brain injury and then to cross-validate this metric by using neuropsychological test scores and clinical admission measures. We also sought to cross-validate the linearity of the metric by using the EEG from patients with moderate brain injury. The hypothesis of a linear severity measure is that moderate traumatic brain injury results in EEG values that are intermediate between those of mild and severe TBI.
METHODS

Patients
A total of 108 patients with closed head injury (95 males), average age 32.58 years (range 18.83-62.97 years), were included in the study. Ethnic makeup was 81% Caucasian, 13% black, 5% Hispanic, and 1% Asian. The patients were recruited as part of the Defense and Veterans Head Injury Program (DVHIP), which involves comprehensive testing and evaluation of the consequences of traumatic brain injury. Informed consent was obtained from all of the patients in this study. All of the patients were in the chronic or nonacute postinjury period when they were evaluated. The average interval between TBI injury and qEEG and neuropsychological evaluations was 224 days (range 15-1,436 days).
On the basis of clinical admission measures, the patients were placed into three different groups. Criteria for assignment to the Mild head injury group (n‫)04ס‬ were GCS 13-15, PTA Ͻ1 hour, and LOC Յ20 minutes. Criteria for the Moderate head injury group (n‫)52ס‬ were GCS 10-12, PTA 1 hour to 6 days, and LOC 1 hour to 24 hours. Criteria for the Severe head injury group (n‫)34ס‬ were GCS Յ7, PTA Ն7 days, and LOC Ն24 hours. There were no significant differences between the three patient groups for age, gender, or length of time from injury to test. Table 1 shows the clinical admission criteria and characteristics of the three groups of patients.
All of the patients were diagnosed according to ICD-9 codes for injuries within the 850 to 854 categories (i.e., intracranial injuries excluding those with penetrating head wounds or skull fracture). Approximately 66% of the subjects were motor vehicle accident victims, 17% were victims of industrial or home accidents, and 17% were victims of violent crime. Approximately 51% (43/83) of the patients had taken some form of psychoactive medication prior to EEG testing (e.g., propoxyphene, acetaminophen with codeine, phenytoin, carbamazepine, lorazepam, sertraline). Statistical analyses were conducted to determine the effect that medication may have had on the EEG discriminant analyses. As described in the Results section for training set discriminant analysis, no statistically significant differences between patients on medication and patients without medication were found.
Neuropsychological Testing
Neuropsychological tests were administered when the patients were admitted to the DVHIP program, which was often many months post injury (mean‫422ס‬ days). Neuropsychological tests measure only the level of cognitive function at the time of the test, and hence the exact contribution of the head injury to the patient's current neuropsychological function is unknown. Nonetheless, the neuropsychological tests used in the present study are the standard tests used today to evaluate closed head injury in the posttraumatic period. 10, 12 They were used to evaluate the current level of cognitive function, and we note that in this sense the neuropsychological variables are only indirect measures of severity of injury. Seven different neuropsychological tests were 
Electroencephalographic Recording
Power spectral analyses were performed on 2-minute to 5-minute segments of eyes-closed resting EEG recorded from 19 scalp locations based on the International 10/20 System of electrode placement, using the left ear lobe as a reference. ECG and eye movement electrodes were applied to monitor artifact, and all EEG records were visually edited to remove any visible artifact. The amplifier bandwidths were nominally 0.5 Hz to 30 Hz, the outputs being 3 dB down at these frequencies. Three to 5 minutes of eyes-closed EEG recording was digitized at 100 Hz and then subjected to spectral analysis using a complex demodulation procedure. Absolute EEG amplitude was computed from the 19 scalp locations in the delta (0.5-3.5 Hz), theta (3.5-7 Hz), alpha (7.5-13 Hz), and beta (13-22 Hz) frequency bands. The frequency bands, including the center frequencies (f c ) and one-half power values (B) were delta (0.5-3.5 Hz; f c ‫0.2ס‬ Hz; B‫,)0.1ס‬ theta (3.5-7.0 Hz; f c ‫52.4ס‬ Hz; B‫5.3ס‬ Hz), alpha (7.0-13.0 Hz; f c ‫0.9ס‬ Hz; B‫0.6ס‬ Hz), beta (13-22 Hz; f c ‫91ס‬ Hz; B‫0.41ס‬ Hz). EEG amplitude was computed as the square root of power. EEG coherence and phase were computed for all pairwise combinations of electrodes. 21, 22 Coherence is defined as
where G xy (f ) is the cross-power spectral density and G xx (f ) and G yy (f ) are the respective autopower spectral densities. Coherence was computed for all pairwise combinations of the 19 channels for each of the four frequency bands. The computational procedure to obtain coherence involved first computing the power spectra for x and y and then computing the normalized crossspectra. Because complex analyses are involved, this produced the cospectrum (r for real) and quadspectrum (q for imaginary). Then coherence was computed as 2 2 r ‫ם‬q xy xy 2 C ‫ס‬ .
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Further mathematical details of the analyses are provided elsewhere. 20, 23 Statistical Analyses Condescriptive analyses were conducted in which the sampling distribution of each EEG variable was evaluated. Estimates of Gaussianity were computed for each variable, using measures of skewness, kurtosis, and normal probability plots. 24 The only EEG variables that were not normally distributed were the EEG phase variables, and therefore a logarithmic transform was used for these variables. Further evaluation showed that the logarithmic transform of EEG phase was adequate to approximate a normal distribution. Univariate t-tests were conducted to identify which EEG variables were significantly different between the Mild and Severe TBI patients. Varimax factor analyses were then conducted using the reduced set of statistically significant EEG variables. The highest-loading variables on the factors were then selected for entry into a discriminant analysis. 25, 26 A Bayesian criterion was used in the linear discriminant analysis in order to adjust for differences in sample size between the Mild and Severe TBI groups.
RESULTS
EEG Variable Selection
A two-stage process was used to reduce the total universe of possible EEG variables for entry into the discriminant function and to maximize the subject-tovariable ratio. The first step involved univariate t-tests with the Mild and Severe groups as the dependent variable and the EEG measures as the independent variables. The EEG variables were grouped into five categories: 1) relative power, 2) total power, 3) coherence, 4) phase, and 5) amplitude asymmetry. All EEG variables that had a probability value of less than 0.01 were identified and selected for entry into the second step, which was factor analysis. The results of the t-test analysis revealed no statistically significant differences between groups in total power and only two statistically 0.0013 Alpha frequency amplitude asymmetry between FP2 and P4 0.0027 significant differences between groups in relative power. Because of the large number of statistically significant differences in coherence, phase, and amplitude asymmetry, the power measures were excluded from all subsequent analyses.
Independent varimax factor analyses were performed on each of the remaining three groups of EEG variables (coherence, phase, and amplitude asymmetry). A criterion for selection of individual EEG variables to be entered into the discriminant function was a loading greater than 0.8 on a given factor. By use of this criterion, a total of 16 EEG variables were selected for entry into the discriminant analysis. Table 2 shows the 16 EEG variables that were finally selected for entry into the discriminant analysis as well as the univariate t-test probability values. There were approximately the same number of EEG coherence (5), EEG phase (5), and EEG amplitude asymmetry measures (6), with 7 left hemisphere, 4 right hemisphere, and 5 interhemispheric locations. Training Set Discriminant Analysis A two-group discriminant analysis was conducted in which the previously selected 16 EEG variables were the predictor variables and the two groups were the Mild versus the Severe patients. 25 A Bayesian rule was used to correct for differences in the number of patients in the two groups. All of the variables were forced into the discriminant analysis, and a stepwise procedure was not used. Table 3 shows the classification accuracies for the 40 Mild TBI patients and the 43 Severe TBI patients, with 95.08% of the Mild TBI patients and 97.7% of the Severe TBI patients accurately classified, yielding an overall classification accuracy of 96.39%. Figure 1A shows the distribution of the discriminant scores in the two groups of patients, and Figure 1B shows head diagrams of the EEG variables entered into the discriminant function in A. In Figure 1A , the scales of the axes are the same for the two distributions so that the relative proportion of discriminant scores can be compared. In order to display the discriminant scores as a measure of severity, each discriminant score was multiplied by -1, and the value of 5 was then subtracted from each score. In this way, the discriminant scores ranged between 0 and 10 (0.95 to 9.23) and provided a normalized range of values from low severity to high severity. The criterion discriminant score whereby patients were classified as members of the Severe TBI group was Ն4.5229 (approximately 51% or greater of the population).
In all, 43 of the 83 patients had taken some form of medication at the time of EEG testing. Analyses of variance failed to show any statistically significant differences in EEG discriminant values for patients on medication versus patients with no medication.
Acute Clinical Validation of Discriminant Scores
Clinical validation of the discriminant scores was accomplished by Pearson correlation analyses between the hospital admission measures of GCS, PTA, and LOC and the discriminant scores for each patient. Table 4 shows the results of the correlation analyses between the EEG discriminant scores and the clinical admission scores. It can be seen that there were statistically significant correlations between the EEG discriminant scores and Glasgow Coma Scores and between the EEG discriminant scores and length of coma, but not with the length of posttraumatic amnesia. The results of the analyses establish the clinical validity of the EEG discriminant scores by their statistically significant correlations with the clinical admission measures. The lack of a correlation between the discriminant scores and PTA is likely due to the difficulty in correctly measuring the length of memory loss following traumatic brain injury.
Validation of EEG Discriminant Scores 1 to 4 Years Post Trauma Based on Neuropsychological Test Scores
Neuropsychological validation of the EEG discriminant scores was accomplished by Pearson correlation analy- ses between the EEG discriminant scores and the various neuropsychological scores from the same patients. Table 5 shows the results of these analyses, in which statistically significant correlations were noted between various neuropsychological scores and the EEG discriminant scores obtained from the same patients. The direction of the correlation between the EEG discriminant scores and neuropsychological performance showed that the more negative the discriminant score, the poorer the neuropsychological performance. In other words, the more severe the brain injury as indicated by the EEG discriminant function, the worse the neuropsy- (Table 5) .
Correlation analyses were also conducted between the neuropsychological test scores and the 16 individual EEG variables that were entered into the discriminant function (see Table 2 ). These analyses revealed only relatively weak correlations, with only a few statistically significant Pearson correlations. A comparison of the discriminant score correlations with the individual EEG variable correlations revealed that the linear multivariate vector of the discriminant function was much more highly correlated to neuropsychological performance than any single EEG variable standing alone.
Cross-Validation of Moderate TBI Patients at the Mid Range of the Severity Index
The EEG discriminant function is a linear regression equation that returns a single value for each subject based on the EEG variables and a unique set of regression coefficients. 25 Discriminant functions are not just classifiers of the probability of membership to a group, but may also be a linear index of severity of injury. The use of a discriminant function as a linear predictor requires that the severity scores from Moderate TBI patients lie intermediate to the discriminant scores for Mild and Severe and thus represent a continuum of discriminant scores. The distribution between Mild and Severe could be a step function or some nonlinear shape, and the discriminant function would not be capable of predicting a continuum of severity. A simple test of the linearity of a discriminant function is to determine if the mean of a group of moderately head-injured patients' discriminant scores are intermediate between Mild and Severe. In order to cross-validate the initial discriminant function and to test the linearity hypothesis, an independent group of TBI patients (n‫)52ס‬ estimated by hospital admissions scores as having Moderate TBI, or intermediate between Mild and Severe, was evaluated. The prediction of the linearity hypothesis of severity of TBI is that the Moderate TBI patients are expected to show EEG discriminant scores that are intermediate between Mild and Severe. Figure 2B shows the means and standard deviations of the discriminant scores for the three groups of patients: Mild, Moderate, and Severe. It can be seen that the mean of the discriminant scores for the Moderate TBI patients did fall between the mean of the discriminant scores of the Mild and Severe groups. The t-tests performed between the three groups also revealed statistically significant differences (Mild vs. Moderate, PϽ0.0001; Mild vs. Severe, PϽ0.000001; Moderate vs. Severe, PϽ0.00001).
Postinjury Stability of EEG Severity Index
The reliability and stability of the EEG discriminant function were evaluated by comparing the discriminant scores at baseline (i.e., 15 days to 4 years) to the discriminant scores obtained upon repeated EEG testing at 6 months and 12 months after the initial baseline EEG test. t-tests and repeated-measures analyses of variance were performed in which the dependent variables were the baseline, 6-month, and 12-month groupings and the independent variables were the EEG discriminant scores. No statistically significant differences were found be- tween any of the postinjury periods. The relative stability and reliability of the EEG discriminant score was further evaluated by defining covariates as age and/or time between injury and EEG test, thus removing these variables from the analysis of covariance. These analyses also failed to reveal a significant difference between baseline, 6-month, and 12-month repeated testing. Figure 3 . It can be seen that the distribution of severity scores is different for the different head injury hospitals. Although a broad spectrum of TBI severity is evident in these analyses, in general, higher EEG severity scores were found in the four VA hospitals than in the activeduty military hospitals (PϽ0.00001).
Cross-Validation of EEG Severity Index in
Cross-validation of the EEG severity index was also evaluated in this population of TBI patients by comparing the neuropsychological scores between a group with lower EEG discriminant scores (between 0 and 4; n‫)55ס‬ and a group with higher EEG discriminant scores (between 6 and 10; n‫.)19ס‬ Table 6 shows the results of the multivariate analysis of variance, in which statistically significant differences in neuropsychological performance were predicted by the EEG discriminant score groupings. The group having lower EEG discriminant scores was associated with higher neuropsychological functioning when compared with the group having higher EEG discriminant scores. The results of these analyses provide an additional cross-validation and also demonstrate the ease of calculation of the EEG severity scores as a measure of the neurological severity of head injury in large populations of TBI patients.
DISCUSSION
The results of the present study demonstrate the capacity of the EEG to discriminate between Mild and Severe traumatic brain injury during the postacute period. From Table 3 (Table 4 and Table 5 ). Additional cross-validation was accomplished by comparison to a group of moderate TBI patients in which the discriminant scores were intermediate between the Mild and Severe groups; in this comparison a linear relationship between the EEG and the severity of TBI was indicated (see Figure 2 ).
Retrospective Predictions of TBI Severity
The statistically significant correlation between the postinjury EEG discriminant score and the admitting GCS Table 4 ) provides a retrospective severity of injury estimate. That is, the results of this study show a detectable "residual" of the severity of injury many months after the injury. The stability and reliability of this hypothesized injury residual persist even after repeated EEG testing (Figure 4) . The stability and sensitivity of the EEG multivariate discriminant can be described as the result of a "Big Bump" theory of traumatic brain injury, in which it is hypothesized that a pathological residual and/or a compensation to injury is persistent and detectable by qEEG many months or years following traumatic brain injury. If a detectable residual is in fact present, then the question becomes to what extent this is a compensatory reorganization pattern and to what extent it is a direct reflection of the pathology of TBI. Given the many different force vectors imparted to the skulls of the patients in this study, a generalized compensatory process or a general brain structure profile of vulnerabilities may together or separately explain the experimental results. Some support for the latter explanation is the finding of a negative relationship between the qEEG discriminant function and neuropsychological performance; that is, the more severe the qEEG discriminant function, the lower the level of neuropsychological functioning.
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Relationships to Neuropsychological Performance
In addition to retrospective prediction of length of coma and Glasgow Coma Score at the time of injury, the EEG discriminant function was also significantly correlated with neuropsychological functioning measured prospectively during the 15-day to 4-year postinjury period. The direction of correlation was consistently negative in that increased severity of TBI as indicated by the EEG discriminant function was inversely related to neuropsychological performance. These results indicate that TBI has a long-lasting effect on cognitive functioning and that the qEEG provides a measure of a persistent neurological reorganization resulting from the injury. The results of this study are consistent with previous studies of qEEG and neuropsychological performance in TBI patients, in which reduced speed and efficiency of information processing were the domains most affected by traumatic brain injury. No single or specific cognitive dysfunction is typically associated with closed head injury; instead, memory, executive, attentional, and emotional capacities are all affected. 10, 12 The Best EEG Predictor Is a Multivariate Vector No relative or absolute EEG power variables were entered into the discriminant equation because the power variables were comparatively weaker in their contribution to the discriminant function than EEG coherence, EEG phase, and/or EEG amplitude differences. The ratio of variables to subjects was approximately 5 to 1 (i.e., 83 subjects and 16 variables). The three categories of EEG variables entered into the discriminant function loaded on different factors in the factor analyses and likely reflect different aspects of the neurophysiological status of the brain. A common anatomical finding was of frontal and temporal electrode sites being more statistically significant than other sites. This finding may reflect the unique aspects of the biomechanics of traumatic brain injury in which frontal and temporal lobes are especially vulnerable to trauma. 27, 28 The qEEG vari- ables that survived the selection process in the present study were similar to those that were previously evaluated in a qEEG discriminant analysis of mild TBI patients versus normal subjects. 20 The results of this study also showed that any single EEG variable, standing alone, was less significantly correlated with GCS, LOC, and neuropsychological performance than the combination of EEG variables represented in the multivariate discriminant score. This suggests that the multivariate discriminant score is a global or system variable in which a combination of neurophysiological processes is affected by TBI, especially those processes involving the frontal and temporal lobes. The results of this study indicate that it is the combined interaction and coordination of distributed brain processes that are represented by the EEG discriminant score and EEG TBI severity index. Such a conclusion is consistent with previous qEEG discriminant studies. 20, 29 It is unknown whether the multivariate EEG severity index is solely cortical in origin or also involves subcortical injuries. Given the diffuse biomechanics of traumatic brain injury, it is likely that reduced efficiency and speed of information processing are reflected in the observed system state of distributed brain regions, as seen in Figure 1 and Table 2 . Figure 4 is a diagrammatic representation of a possible clinical application of the EEG analyses presented in this study. The finding of intermediate discriminant scores for Moderate TBI patients and the relative high accuracy and sensitivity of the discriminant function support the clinical application of this metric. In Figure 4B , a given patient's discriminant score reflects the severity of TBI within a confidence band. Examination of the relative contribution of different EEG dimensions of the severity index, such as seen in Figure 1B , may facilitate the neurophysiological evaluation of TBI and may be useful in the evaluation of rehabilitation after TBI.
EEG Severity Index of Traumatic Brain Injury
Clinical Utility of an EEG Severity Index of Traumatic Brain Injury
Patients who present with persistent cognitive and neuropsychological deficits many months or years post injury often do not have access to accurate estimates of the severity of the TBI incident that they suffered. For example, often a Glasgow Coma Score is not estimated at the time of an accident or the hospital records are missing or the accuracy of the GCS and other acute TBI measures may be in doubt. The present EEG severity index may facilitate accurate diagnoses of the extent of brain injury by providing an objective and independent measure of the severity of TBI.
The EEG severity index may also be of value in establishing whether or not there is a neurological basis for a patient's complaints. That is, the EEG severity index may be used as an adjunctive diagnostic test or as one more measure that can be brought to bear on the issue of the neurological nature of a patient's complaints. The EEG severity index may also provide an objective measure that can be used for prognostic purposes in determining the extent to which neurological and/or neuropsychological functioning may improve in the future.
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Moreover, the present objective EEG severity index may be of value in devising and evaluating presently used treatment methods as well as new methods for treating patients who have suffered a traumatic brain injury.
